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ABSTRACT 
Algal bioprocesses for wastewater treatment have the potential to simultaneously 
recover nitrogen and phosphorous while also producing feedstocks for bioenergy and 
bioproducts. In order to develop reliable treatment processes for water resource recovery 
facilities, however, it is critical that we have robust, mechanistic models of phototrophic 
bioprocesses to predict performance under varying environmental conditions (light intensity, 
nutrient concentration, etc.). As we seek to develop such models, we must also have reliable 
approaches to calibrate and validate key parameters that govern model accuracy. The 
objectives of this research are to develop an experimental apparatus and methodology to 
characterize intrinsic and extant kinetic parameters in phototrophic cultures. Intrinsic kinetic 
parameters – used in model calibration – represent the maximum kinetic potential of the culture. 
Extant kinetic parameters – used in model validation – are representative of the existing fitness 
and performance of the biomass in the bioreactor. A temperature-controlled system with ten 
independent light chambers was designed and fabricated to enable kinetic experiments with 
four replicate vials within each chamber, with lighting intensity in each chamber independently 
controlled. The apparatus was demonstrated to enable characterization of growth rate, nitrogen 
uptake, and phosphorus uptake. Quantification of these parameters will help to identify, 
characterize, and validate mechanistic links between process design, environmental conditions, 
nutrient recovery, and community function. 
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CHAPTER 1: INTRODUCTION 
 Algal bioprocesses for wastewater treatment have the potential to simultaneously 
recover nitrogen and phosphorous while also producing feedstocks for bioenergy and 
byproducts. Wastewater contains an ample supply of nutrients, such as carbon, nitrogen, and 
phosphorous, essential to algae growth. Therefore, as algae uptake nutrients into the cell for 
growth, they are concurrently achieving objectives for wastewater treatment: N and P removal 
from the wastewater. Furthermore, biofuels derived from microalgae have been considered as 
one of the most promising renewable energy sources, due to the aerial efficiency of carbon 
fixation by microalgae and their conversion pathways to useable fuels (DOE (U.S. Department 
of Energy), 2016). However, there are still numerous challenges to overcome to develop 
technologies for the production of microalgae- based biofuel (Lee et al., 2015). In particular, 
there is a challenge due to the difficulty in controlling the optimum conditions for microalgae 
growth (Lee et al., 2015). To better estimate and optimize microalgae productivity under 
different conditions, process modeling is needed to provide useful information about the 
performance of microalgae cultivation systems (Lee et al., 2015). In a process model simulating 
microalgae cultivation systems, a growth kinetic model is a crucial element (Lee et al., 2015). 
Measuring kinetics provides an understanding of microalgal growth so that cultivation 
conditions can be optimized. Currently, algal kinetics are measured in photobioreactors or 
incubated flasks. However, both of these methods require a large experimental set-up, are time 
consuming, and are limited to a certain set of conditions. There is an interest in scaling down 
these experiments to increase the number of replicates and to test wide variety of conditions at 
a faster rate. In 2007, Johnson and Sheldon conducted research scaling down from a 
photosynthetron to microphotosynthetron system to measure photosynthesis-irradiance (PI) 
curves. PI curves describe the response relationship of the photosynthetic rate as a function of 
light (Johnson and Sheldon, 2007). PI curves are an important tool used to characterize the 
physiology of microalgae and predict cells’ response to various light intensities across diurnal 
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cycles. Modeling a culture’s response to light is critical for predicting growth as well as lipid and 
carbohydrate storage rates. Previously, photosynthetrons were used to created a light gradient 
in conjunction with the carbon-14 tracer technique to measure PI curves (Johnson and Sheldon, 
2007). However, conventional photosynthetrons are bulky and require large chilled-water 
recirculators to maintain temperature (Johnson and Sheldon, 2007). Therefore, Johnson and 
Sheldon developed a microphotosynthetron that is based on the standard 96-well plate format 
that allows precise light control using tunable light- emitting diodes (LEDs) with temperature 
regulation through a Peltier device (Johnson and Sheldon, 2007). This new 
microphotosynthetron was an improvement over the photosynthetron in terms of light quality 
and intensity and measuring light levels, and the measurements were more reproducible 
(Johnson and Sheldon, 2007).  
Although the new microphotosynthetron apparatus was an improved method for 
measuring PI curves, there are several disadvantages to this system. For example, the 
microphotosynthetron uses a 96-well plate and therefore samples are limited to 200 µL, this 
volume is too low for several analyses such as maximum specific nitrogen uptake rate, 
maximum specific phosphate uptake rate, and maximum specific growth rate. Furthermore, the 
microphotosynthetron uses a very complex electronic system that is difficult to reproduce. 
Hence, there is still a need for an apparatus that evaluates kinetic parameters with highly 
controlled and reproducible conditions guaranteeing reliable results.  
The overarching goal of this work was to develop a new apparatus capable of measuring 
kinetic parameters while scaling down the experimental footprint and increasing the number of 
replicates. Therefore, a new apparatus was developed that is equipped with light intensity 
control across ten chambers for biological growth with highly controlled and reproducible 
conditions. The apparatus is enclosed within an incubator that provides temperature control and 
continuous mixing. Lighting is controlled using tunable light-emitting diodes (LEDs) programed 
with an Arduino Mega 2560 development board. Each chamber has four scintillation vials 
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providing multiple replicates, and each chamber can be set to a different light intensity. 
Therefore, a wide variety of conditions can be tested during one experiment. Furthermore, this 
apparatus is able to measure the maximum specific nitrogen uptake rate (for ammonium, 
organic nitrogen, or nitrate), maximum specific phosphate uptake rate, and maximum specific 
growth rate to calibrate the phototrophic process model (PPM), an algal process model (Guest 
et al., 2013). Additional capabilities include the ability to measure PI curves and protein 
synthesis inhibition. The vials used are specifically scintillation vials for compatibility with future 
C-14 experiments. 
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CHAPTER 2: BACKGROUND 
2.1 Algae in Wastewater Treatment 
 Algae lagoons, ponds, and ditches have been used as simple wastewater treatment 
systems for thousands of years (Michael Borowitzka and Navid Moheimani, 2013). Wastewater 
treatment ponds rely on algal photosynthesis to harness sunlight and provide oxygen to drive 
aerobic bacterial degradation of organic compounds (Michael Borowitzka and Navid Moheimani, 
2013). The wastewater nutrients that are released are then assimilated into algal biomass 
(Michael Borowitzka and Navid Moheimani, 2013). However, these ponds do not consistently 
provide a high level of nutrient removal and have very low algal biomass productivity (Michael 
Borowitzka and Navid Moheimani, 2013). As a result, Oswald et al. developed high rate algal 
ponds (HRAPs) in the late 1950s for wastewater treatment and resource recovery (Michael 
Borowitzka and Navid Moheimani, 2013). HRAPs are paddlewheel mixed, shallow, open 
channel raceways that have a much higher treatment performance and algal productivity than 
conventional ponds (Michael Borowitzka and Navid Moheimani, 2013).  
Oswald and Golueke were the first to propose leveraging HRAPs for large-scale 
production of algae as a biofuel feedstock, with wastewater providing the make-up water and 
nutrients (Michael Borowitzka and Navid Moheimani, 2013). HRAPs have much lower capital 
costs than closed systems such as photobioreactors, but at current fossil fuel prices, it is 
unlikely that they could be economically utilized for algal biofuel production alone.  
Although, HRAPs are not an efficient process for producing algae as a bioenergy 
feedstock, a significant amount of research has been conducted to develop engineered 
cultivation systems that could be financially viable for bioenergy feedstock production.  
Bioenergy is the sun’s energy captured in biomass and converted to usable forms of 
energy (Rittmann, 2008). Of particular relevance to bioenergy is the ability of many microalgae 
to capture sunlight energy and concentrate it into lipids that can be used to produce biodiesel, 
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and non-lipid biomass can be converted to ethanol (Laurens et al., 2015), bio-crude oil (Jones et 
al., 2014; Leow et al., 2015), as well as methane, hydrogen, or electricity (Rittmann, 2008). 
Harvested algal biomass holds high economic potential for feedstock, fertilizers, biogas, 
biofuels, etc. (Xin et al., 2010). For example, biodiesel produced by algae can be used directly 
in diesel- burning engines with less carbon monoxide emissions (Xin et al., 2010). Chisti 
believes that microalgae are the only renewable source of biodiesel capable of meeting the 
global demand for transportation fuels (Chisti, 2007). Ideally, microalgal biodiesel would be 
carbon neutral, meaning the power needed for producing and processing algae would come 
from the biodiesel itself (Chisti, 2007). The estimated cost of producing microalgal biomass in a 
photobioreactor (PBR), if carbon dioxide is available at no cost, is $2.95 per kilogram of 
biomass (Chisti, 2007). Another benefit of leveraging microalgae to produce bioenergy is that 1-
3% of the total U.S. cropping area would be sufficient for producing algal biomass that satisfies 
50% of the transportation fuel needed, thereby making microalgae more efficient than crop 
plants in producing oils (Chisti, 2007). 
Algal bioprocesses for wastewater treatment have the potential to not only produce 
biofuels and bioproducts but also to simultaneously recover nitrogen and phosphorous. There 
are several other advantages to leveraging microalgae for wastewater treatment, such as: rapid 
adaptation to new environments, high growth rates, high lipid production capacity, high carbon 
dioxide fixation rates, low cost due to sufficient solar energy, lack of extra organic carbon 
requirement, discharge of oxygenated effluents into water bodies, and elimination of sludge 
handling problems (Lee et al., 2015).  
Both open and closed systems have disadvantages that implore the need for more 
highly engineered algal systems. Open systems, such as ponds, are cheaper than closed 
photobioreactors (PBRs) but their footprint is too big for most wastewater treatment plants 
(Fortier and Sturm, 2012).  Closed systems, such as photobioreactors, are often considered to 
be prohibitively expensive (DOE (U.S. Department of Energy), 2016). Regardless of the 
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cultivation method, this step is a critical challenge for biofuels. Overcoming this challenge 
requires more rapid algae growth and wastewater treatment in small areas (Fortier and Sturm, 
2012). Thus, there needs to be more process engineering, and to enable this algal process 
models must be developed (Guest et al., 2013). 
Growth kinetic models are needed to provide useful information about the performance 
of a microalgae cultivation system (Lee et al., 2015). These models provide an understanding of 
microalgal growth so that cultivation conditions can be optimized (Lee et al., 2015). Kinetic 
models are a crucial element of microalgae research to better estimate and optimize microalgae 
productivity under different conditions (Lee et al., 2015). Useful and effective models are based 
on known scientific principles and mechanisms (Daigger, 2011). The current collection of kinetic 
data on algae performance must be expanded upon to produce results in models so that they 
are robust over a predictable range of conditions and can be more easily calibrated because of 
the scientific knowledge they are built on (Daigger, 2011).  
2.2 Kinetics  
Microorganisms perform redox reactions to generate energy and reducing power to 
maintain themselves (Bruce E. Rittmann and Perry L. McCarty, 2001). However, these redox 
reactions are slow, so microorganisms produce enzyme catalysts that increase the kinetics of 
reactions to rates fast enough to exploit chemical resources from their environment (Bruce E. 
Rittmann and Perry L. McCarty, 2001). These chemical resources are pollutants that engineers 
need to control (Rittmann). Microorganisms catalyze these pollutant-removing reactions, and 
the rate of pollutant removal depends on the active biomass, or catalyst (Bruce E. Rittmann and 
Perry L. McCarty, 2001). Active biomass is grown and sustained through the utilization of its 
energy- and electron-generating primary substrates, which are its electron donor and acceptor 
(Bruce E. Rittmann and Perry L. McCarty, 2001). The rate of production of active biomass is 
proportional to the utilization rate of the primary substrates (Bruce E. Rittmann and Perry L. 
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McCarty, 2001). The connection between active biomass and primary substrates is the 
fundamental factor needed for understanding and exploiting microbial systems for pollution 
control (Bruce E. Rittmann and Perry L. McCarty, 2001). Understanding the kinetics of active 
algal biomass and their relationship to supplied nutrients is crucial to the development of 
microalgal treatment systems.  
Microalgae kinetics depend on the culture history, parameter identifiability, and how the 
experiment is conducted (Grady Jr et al., 1996). The substrate to biomass ratio influences the 
expression of the culture history (the type and duration of environmental conditions) and 
parameter identifiability (Grady Jr et al., 1996). Culture history impacts the microalgal culture in 
numerous ways (Grady Jr et al., 1996). For mixed communities, culture development 
determines which species are present (Grady Jr et al., 1996). The culture history also 
determines the physiological state of the culture: the sum total of the cell’s macromolecular 
composition, how rapidly it can synthesize enzymes, and how rapidly those enzymes react 
(Grady Jr et al., 1996).  Parameter identifiability is the ability of the mathematical routine used 
for parameter estimation to uniquely estimate the values of individual parameters (Grady Jr et 
al., 1996). The experimental execution is important because some assays alter the history of the 
culture. 
2.2.1 Intrinsic and Extant 
 Two conditions represent the limits that the physiological state of a culture may attain 
during a kinetic experiment (C.P. Leslie Grady, Jr. et al., 2011). Intrinsic parameters occur if the 
physiological state of the culture is allowed to change during the test to the point that the cells’ 
protein synthesizing system is fully developed and the microorganisms have an enzyme system 
that allows them to grow at the fastest rate possible on an energy source at a given temperature 
and pH (C.P. Leslie Grady, Jr. et al., 2011). Extant parameters occur if the physiological state is 
not allowed to change from the initial reactor conditions, resulting in kinetic parameter values 
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that reflect the biomass conditions “currently existing” in the parent bioreactor from which the 
microorganisms were obtained (C.P. Leslie Grady, Jr. et al., 2011). Extant parameters are 
better indicators of the removal of individual substrates in bioreactors operated under steady-
state conditions (C.P. Leslie Grady, Jr. et al., 2011).   
Of particular relevance to algal systems are parameters related to growth, carbon 
storage, and nutrient uptake. Specifically, the maximum specific carbohydrate storage rate, 
maximum specific lipid storage rate, maximum specific nitrate uptake rate, maximum specific 
phosphate uptake rate, and maximum specific growth rate are all intrinsic kinetic parameters 
necessary to calibrate the phototrophic process model (PPM) for microalgal processes (Guest 
et al., 2013). The PPM is a lumped pathway model that was developed for mixed phototrophic 
communities subjected to day/night cycling (Guest et al., 2013). State variables include 
functional biomass (XCPO), stored carbohydrates (XCH), stored lipids (XLI), nitrate (SNO), 
phosphate (SP), and others (Guest et al., 2013). PPM metabolic reactions and stoichiometry 
were based on Chlamydomonas reinhardtii, but experiments for model calibration and validation 
were performed in flat panel PBRs originally inoculated with biomass from a mixed phototrophic 
system at a wastewater treatment plant (Guest et al., 2013). The apparatus developed as part 
of this thesis is able to measure the maximum specific nitrogen uptake rate (VNO) (for 
ammonium, organic nitrogen, or nitrate), maximum specific phosphate uptake rate (VP), and 
maximum specific growth rate (µ) to calibrate the PPM (Table 1).  	  
Table 1: Kinetic Equations 
Process [units] Rate Expression 
Nitrate Uptake 
[mol of (N)ŊL-1Ŋh-1]  𝑉!" ⋅ 𝑆!"𝐾!" + 𝑆!" ⋅ 𝑋!"# 
Phosphorous Uptake 
[mol of (P)ŊL-1Ŋh-1] 𝑉! ⋅ 𝑆!𝐾! + 𝑆! ⋅ 𝑋!"! 
Photoautotrophic Growth 
[mol of (XCPO as C)ŊL-1Ŋh-1] 
𝜇 ⋅ 𝑚𝑖𝑛 1 − 𝑄!,!"#𝑄! ! , 1 − 𝑄!,!"#𝑄! ! ⋅ 𝑓!
⋅ 1 − 𝜌𝑓!" + 𝑓!" ⋅ 𝑌!"!"𝑌!"!"𝐾!"# 1 − 𝑓! + 𝜌𝑓!" + 𝑓!" ⋅ 𝑌!"!"𝑌!"!" ⋅ 𝑋!"# 
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2.3 Nitrogen and Phosphorous  
 The concentration of nitrogen and phosphorous in wastewater directly influences algal 
growth kinetics as it relates to nutrient removal and lipid accumulation.  
2.3.1 Nitrogen 
In waters and wastewaters, ammonia is one of the nitrogen forms of greatest interest 
(“Standard Methods for the Examination of Water and Wastewater,” 1999). Ammonia is present 
naturally in surface and wastewaters. It is produced largely by deamination of organic nitrogen- 
containing compounds and by the hydrolysis of urea (“Standard Methods for the Examination of 
Water and Wastewater,” 1999). Ammonia concentrations are generally more than 30 mgŊL-1 in 
most wastewaters (“Standard Methods for the Examination of Water and Wastewater,” 1999), 
and ammonia limits are commonly included in discharge permits for publicly owned treatment 
works (POTWs). 
After carbon, nitrogen is the most important nutrient contributing to the biomass 
produced (Amos Richmond, 2008). 65-85% of algal cell nitrogen is associated with proteins and 
free amino acids, 1.3-13% with RNA, 0.4-5% with DNA and 0.2-3% with chlorophylls (Geider 
and La Roche, 2002). The content varies between different groups and within species, 
depending on supply and availability (C.P. Leslie Grady, Jr. et al., 2011). Similar growth rates 
for algae have been reported for algae grown on nitrate (NO3-) as well as ammonium (NH4+) and 
urea (Amos Richmond, 2008). Ammonia is the preferred nitrogen source for microorganisms 
(C.P. Leslie Grady, Jr. et al., 2011), but assimilation of NO3- and NH4+ is influenced by the pH of 
the growth media (Amos Richmond, 2008). Ammonia loss due to volatilization is also important 
to consider in algal cultivation systems, particularly when pH increases (Amos Richmond, 2008).  
2.3.2 Phosphorous 
Phosphorous occurs in natural waters and in wastewaters almost solely as phosphates 
(“Standard Methods for the Examination of Water and Wastewater,” 1999)(AWWA). These are 
	   10	  
classified as orthophosphates, condensed phosphates, and organically bound phosphates 
(“Standard Methods for the Examination of Water and Wastewater,” 1999). Small amounts of 
orthophosphate or certain condensed phosphates are added to some water supplies during 
treatment (“Standard Methods for the Examination of Water and Wastewater,” 1999). Larger 
quantities of the same compounds may be added when the water is used for laundering or other 
cleaning, because these materials are major constituents of many commercial cleaning 
preparations (“Standard Methods for the Examination of Water and Wastewater,” 1999). 
Phosphorous is essential to the growth of organisms and can be the nutrient that limits the 
primary productivity of a body of water (“Standard Methods for the Examination of Water and 
Wastewater,” 1999). In instances where phosphate is the growth- limiting nutrient, the discharge 
of raw or untreated wastewater, agricultural drainage, or certain industrial wastes to that water 
may stimulate the growth of photosynthetic aquatic micro- and macroorganisms in burdensome 
quantities (“Standard Methods for the Examination of Water and Wastewater,” 1999).  
Phosphorous is essential for growth and many cellular processes such as energy 
transfer, biosynthesis of nucleic acids, DNA, etc. (Amos Richmond, 2008). Orthophosphate 
(PO43-) is the preferred form to supply algae with (Amos Richmond, 2008). Algae are able to 
store excess P in polyphosphate bodies during their luxury uptake (Amos Richmond, 2008). 
This storage capability can be used when the external supply becomes limiting (Amos 
Richmond, 2008). Luxury uptake is crucial in understanding the supply and uptake of nutrients, 
especially when determining cell quota (Amos Richmond, 2008).  
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CHAPTER 3: DESIGN AND METHODS 
3.1 Apparatus Design 
The apparatus was designed for enclosure within a New BrunswickTM Innova® 42R 
Shaker incubator (New BrunswickTM of Eppendorf AG, Germany), with an 18 X 18 inch platform 
(Figure 1). The incubator is complete with shaking and temperature control. Diode LED® 
BlazeTM 12V Red (625nm) (DI-12V-0140) and Blue (465nm) (DI-12V-0142) LED Tape Light 
(Elemental LED, Emeryville, CA) with a chip beam angle of 120 degrees was used to provide 
lighting for each chamber (Table B 1; Figure B 2).  
	  
Figure 1: New Brunswick Innova 42R Shaker Incubator 
An 18 X 18 custom platform was designed and created using Inventor and a Fused 
Deposition Modeling 3D Printer (Figure 2). The platform has ridges that hold 10 chambers on 
the platform, each chamber containing four 20 mL scintillation vials, enabling up to 10 lighting 
conditions with four replicates per lighting condition (a total of 40 vials run in parallel). The 
primary design goal was to place four vials in each chamber, ensuring that each vial gets the 
same amount of light while minimizing the space within the chamber to maximize the amount of 
chambers constructed on the platform. Within each chamber, there are 8 rows of alternating 
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blue and red LED Tape Light (four rows of blue, four rows of red), 200 mm in length and 16.5 
mm apart on center. Thus, the LED light wall is 200 mm in length, and 140.5 mm in height 
(Figure 3). Each vial is 25.4-mm (1 inch) away from the LED bulbs, and the bottom of the vial is 
41.2 mm from the chamber floor. To reduce footprint and maintain a consistent intensity and 
distribution of lighting across all vials in a given chamber, mirrors (ePlastics) were placed 
perpendicular to the LED light wall. The vials are approximately 14.6 mm away from each other, 
and 7.3 mm away from the mirrors.  
	  
Figure 2: 3D Printed Platform 
	   	  
Figure 3: LED Light Wall 
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A vial lid with cylindrical posts was designed to hold each vial in an exact location to 
ensure that each vial receives the same amount of light (Figure 4). The vial lid was custom 
designed and constructed out of PVC (ePlastics); additionally, magnets were used to secure the 
vials in place. Each vial is suspended from a cylinder post using a magnet (Figure 5).  
	  
Figure 4: Exploded View of Chamber Components 
	  
Figure 5: Inside Chamber 
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3.1.1 Chamber Lighting 
Design decisions were supported by light intensity equations to ensure that each vial 
received the same amount of light. 10 sample points were used on each of the four vials in each 
chamber using a three dimensional Cartesian coordinate system. Each LED bulb was also 
given a location on the same three dimensional Cartesian coordinate system. The following 
equation was used to calculate the light intensity from each LED bulb and mirror in the three 
dimensional Cartesian coordinate system hitting a designated point on a vial, 𝐼!,!,! = 𝐼! ⋅ 𝑓(𝑦) ⋅ 𝑓(𝑧) ⋅ 𝑓(∆𝐿) 
The value of the maximum intensity (Io) at the surface of a given LED is found on the 
specification sheet for both the red and blue LEDs (33 and 13 candelas, respectively). A 
candela is a unit of luminous power per unit solid angle emitted by a point light source. Light 
intensity as a function of the z position, f(z), was also found using the specification sheet. The 
angle(z) is the angle from the LED bulb to the point of interest on the vial in the z-dimension. 
Intensity data as a function of angle(z) was extracted from the specification sheet and used to 
establish continuous equations for the f(z) term (Figure 6).  
	  
Figure 6: Intensity Data as a Function of Angle(z) 
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0 ≤ 𝑧 ≤ 15: 𝑓 𝑧 = 1	  15 < 𝑧 ≤ 85: 𝑓 𝑧 = 2 − 𝑒!.!!"##$(!!!")	  85 < 𝑧: 𝑓 𝑧 = 0	  
	  
f(ΔL) was calculated using the light intensity equation and inverse-square law, 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝    1𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒! 𝑓 ∆𝐿 = 1∆𝐿! ∆𝐿 = ∆𝑋! + ∆𝑌! + ∆𝑍! 
where xyz are the location values in the three dimensional Cartesian coordinate system. 
Through these calculations it was demonstrated that the LED panel would result in light 
intensities that varied only 1-2% across replicate vials.  
3.2 Electrical Set Up 
A custom-built circuit board and an Arduino Mega 2560 development board are used for 
light intensity control across all ten chambers. The brightness of the LEDs in each chamber is 
controlled through the use of the pulse width modulation (PWM) functionality of the Arduino. 
Pulse width modulation is a technique that can be used to turn a signal on and off rapidly and 
with a specific cycle (D). One of the benefits of using the Arduino board is that this cycle (D) can 
be easily set and modified in user friendly software.  
Photosynthetically active radiation (PAR) (µE⋅m-2⋅s-1) is the spectral range (wave band) 
of solar radiation that photosynthetic organisms are able to use for photosynthesis. After 
experimentally determining PAR values using an Apogee MQ-200 Quantum Sensor (Apogee 
Instruments, Logan, Utah), the values were converted to PWM values according to the equation 
(Figure 7) 𝑃𝐴𝑅 = 𝐷 ∗ 𝑃𝐴𝑅!"# 
Determining the appropriate cycle was achieved by the following formula:  
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𝐷 = 𝑃𝐴𝑅682.7 
This formula was created by first identifying the maximum value of PAR, 682.7 µE⋅m-2⋅s-1, or 
PARmax. This value was then normalized such that PARmax corresponds to D=1 and the 
brightness scales linearly with the cycle. Both PAR and PWM values are controllable by the end 
user through the editing of several lines of code. This code can be easily adopted to model the 
brightness of the sun throughout the day, scaled to a specified maximum sunlight value.	  	  
	  	  
Figure 7: PAR vs. PWM 
The Arduino functions using 5 V output logic and is limited to approximately 40 mA. In 
order to properly drive the LED circuit, a simple amplifier had to be developed. To avoid the use 
of a high-side gate driver, a common source amplifier was chosen. By controlling the cycle of 
this amplifier, the average voltage applied to the LEDs can be adjusted according to 𝑉!"#,!"# = 𝐷𝑉!" 
thus adjusting their average brightness. A 12 V-DC wall adapter plugged into a barrel jack 
supplied the input voltage. 
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Each of these amplifiers required approximately 3 A to run at maximum brightness. For 
this reason, the printed circuit board (Figure 8) had to be designed with careful consideration to 
current limitations and transistors had to be chosen such that RDS,on was as low as possible. 
RDS,on is the drain to source resistance of the transistor when it is in the ‘on state’. Additionally, 
each wall adapter was only capable of supplying 5 A. In order to allow some tolerance for 
transients and other current anomalies, ten barrel jacks and adapters were used in parallel to 
power the ten amplifiers used in the experiment. The use of large traces minimized the 
resistance of the trace, meaning less power is dissipated as heat and more power is delivered 
to the LEDs. Additionally, the large traces were required in order to ensure that the board would 
not fail if presented with the maximum power case of 30 A. The smaller traces are used to 
extract the PWM signal from the Arduino’s output ports. Medium sized traces were used to 
ground the Arduino as well as to output power to the LED assemblies. 
	  
Figure 8: Printed Circuit Board 
The transistor chosen was the FQP50N06 by Fairchild Semiconductor, due to its high 
current carrying ability as well as its low on-state resistance. The listed value of RDS,on is 22 mΩ, 
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meaning that when the LEDs are fully on (D = 1.0), the system is operating at 99.45% 
efficiency. When the LEDs are half on (D = 0.5), the system is operating at 99.8% efficiency 
(Figure C 1). 
3.3 Experimental Design 
3.3.1 Cultivation Conditions 
Samples were taken from a flat panel PBR operated as a cyclostat and containing a 
suspended culture of Chlamydomonas reinhardtii (Gardner-Dale et al., In preparation). These 
PBRs were lit using the same LEDs as described above and were also regulated by an Arduino 
board. The bulk media used was a modified TAP media with improved trace metals, no acetate 
(to prohibit heterotrophic growth), no Trisma buffer (Kropat et al., 2011), and ammonia at 140 
mgŊL-1 as N and phosphate at 15 mgŊL-1 as P for an N: P mass ratio of 9.3. 760 mg-CŊL-1 was 
added in the form of 71 mL of supplemental 75 gŊL-1 sodium bicarbonate to each liter of media. 
100 mL of this media was then mixed with 5.23 g of the organic buffer MOPS (0.25 M); this 
media is subsequently called ‘MOPS media’. 
Experimentation began only after the determination of steady state in the continuous 
PBR, which was defined as 3 consecutive days of less than 5% variation in optical density (at 
735 nm) at a consistent point in the light cycle (Gardner-Dale et al., In preparation). A 1:1 ratio 
of algae extracted from the PBR and MOPS media were mixed on a stir plate before 12 mL of 
this mixture was inoculated into each vial. These microalgal cultures were cultivated under 
constant light (150 µE⋅m-2⋅s-1). pH was successfully controlled by the organic buffer in the MOPS 
media, and only fluctuated by approximately 0.017 throughout the experiment. The Innova 
incubator controlled the temperature and rate of mixing at 24.1 °C and 125 RPM, respectively. 
Optical density, nitrogen, and phosphorous samples were taken every four hours for the first 24 
hours, and once per day for the remainder of the experiment. The duration of the full experiment 
was five days. 
	   19	  
3.4 Analytical Methods 
3.4.1 Optical Density 
Samples were plated in triplicate microplate wells, 200 µL per well, and optical density 
was measured using an Epoch 2 Microplate Spectrophotometer (BioTek, Winooski, Vermont) at 
a wavelength of 735 nm (OD735) (Nedbal et al., 2008). 
3.4.2 Nitrogen 
The two major factors that influence method selection to determine ammonia are 
concentration and presence of interferences (“Standard Methods for the Examination of Water 
and Wastewater,” 1999). The phenate method (4500-NH3-F) was used, as detailed in Standard 
Methods (“Standard Methods for the Examination of Water and Wastewater,” 1999). This 
method has been modified for use with a microplate (Guest et al., 2013). Samples were filtered 
through pre-rinsed 0.22 µm glass fiber filters (Durapore Membrane Filters, GVWP02500, 
Germany) and stored in 15 mL centrifuge tubes at 4 °C before analysis. Samples must be within 
the range of 5 mgŊL-1 to 0.1 mgŊL-1 NH4 as N for the analysis to work. The media used in these 
experiments contained 140 mg/L as N, therefore samples were diluted 20 times (50 µL sample, 
950 µL Nanopure). Each sample was reacted with phenol, sodium citrate, and sodium 
hypochlorite, and catalyzed by sodium nitroprusside to produce idenophenol. The absorbance 
of each blank, standard, and sample was measured in triplicate using an Epoch 2 Microplate 
Spectrophometer (BioTek, Winooski, Vermont) at an absorbance of 640 nm. The ammonia 
concentration (mgŊL-1) for each standard is listed in Table 2. 
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Table 2: Ammonia Concentration of Standards 
Standards Ammonia Concentration (mgŊL-1) 
A 5 
B 2.5 
C 1.25 
D 0.75 
E 0.5 
F 0.25 
G 0 
3.4.3 Phosphorous 
Phosphorous analyses embody two general procedural steps: (a) conversion of the 
phosphorus form of interest to dissolved orthophosphate, and (b) colorimetric determination of 
dissolved orthophosphate (“Standard Methods for the Examination of Water and Wastewater,” 
1999). Because phosphorous may occur in combination with organic matter, a digestion method 
to determine total phosphorus must be able to oxidize organic matter effectively to release 
phosphorus as orthophosphate (“Standard Methods for the Examination of Water and 
Wastewater,” 1999). The nitric acid- sulfuric acid method is recommended for most samples 
(“Standard Methods for the Examination of Water and Wastewater,” 1999). The colorimetric 
method used, rather than the digestion procedure, governs in matters of interference and 
minimum detectable concentration (“Standard Methods for the Examination of Water and 
Wastewater,” 1999). There are three colorimetric methods of orthophosphate determination. 
The ascorbic acid method (4500-P) is more suited for the range of 0.01 to 6 mg-PŊL-1 and was 
therefore used for these experiments (“Standard Methods for the Examination of Water and 
Wastewater,” 1999).  
Samples were filtered through pre-rinsed 0.22 µm glass fiber filters (Durapore 
Membrane Filters, GVWP02500, Germany) and stored in 15 mL centrifuge tubes at 4 °C before 
analysis. This method has been modified for use with a microplate (Guest et al., 2013). The 
approximate linear range is between 0.1-1 mg-PŊL-1. The media used in these experiments 
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contained phosphate at 15 mgŊL-1 as P, therefore samples were diluted 40 times (25 µL sample, 
975 µL Nanopure). Each sample was reacted with sulfuric acid, ammonium molybdate, 
antimony potassium tartarate, and ascorbic acid for 15 minutes, producing a blue- colored 
phosphomolybdic acid. The absorbance of each blank, standard and sample was measured in 
triplicate using an Epoch 2 Microplate Spectrophometer (BioTek, Winooski, Vermont) at a 
wavelength of 880 nm. The phosphorous concentration (mgŊL-1) for each standard is listed in 
Table 3. 
Table 3: Phosphorous Concentration of Standards 
Standards Phosphorous Concentration (mgŊL-1) 
A 1 
B 0.75 
C 0.5 
D 0.25 
E 0.125 
F 0 
3.4.4 Solids 
 The total solids concentration (TSS) of samples was determined in duplicate by filtration 
through 0.7 µm, pre-combusted glass fiber filters (Durapore Membrane Filters, GAP4004700, 
Germany). After filtration, filters were heated at 105 °C for 1 hour and desiccated for 20 minutes 
prior to weighing. Volatile suspended solids (VSS) were determined by combusting samples an 
additional 20 minutes in a 550 °C muffle furnace and desiccated for 30 minutes prior to 
weighing. 	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CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Apparatus Design 
4.1.1 Chamber Lighting 
To demonstrate that each vial within a chamber receives the same light intensity, 10 
points were sampled on each vial. 5 points were chosen along the middle of the vial, and 5 
points were located on the bottom of the vial. By using the light intensity equation and the 
specification sheet for the LED light tape (Figure B 1), it was demonstrated that there is only a 
3% difference in light intensity between the middle and bottom sections of the vial (Figure B 4; 
Figure B 5; Figure B 6; Figure B 7). Furthermore, the average light intensity across each vial 
within a given chamber varied by a maximum of 1% (Figure 9; Table 4).  
 
Figure 9: Average Light Intensity in Each Vial (candela) 
20.5% 62.5% 104.5% 146.5%
60%
mm%
mm%
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Average%Light%Intensity%(ca)%
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Table 4: Average Light Intensity of Each Vial 
Vial Average Light Intensity (candelas) 
1 3,507 
2 3,540 
3 3,540 
4 3,506 
Maximum % Difference 0.98% 
	  
In order to validate theoretical estimates of light intensity across vials (Figure 9; Table 4), 
light intensity was also measured experimentally. An Apogee quantum sensor (MQ-200) was 
used to confirm that the electronics were functioning properly and that the vials were actually 
receiving the same amount of light in the fabricated experimental setup. The sensor was placed 
to take measurements of maximum light intensity in each chamber where each vial is located. 
This sensor validated the mathematical calculations by demonstrating that there is only 1-2% 
variability in light intensity across all vials in a given chamber (Table 5). 
Table 5: Apogee Sensor PAR Readings 
  PAR (µE⋅m-2⋅s-1)     
Box  Vial A Vial B Vial C Vial D Average Std. Dev. % 
1 664 682 684 694 681 12 1.8% 
2 674 682 681 695 683 8.8 1.3% 
3 670 690 690 672 680 11 1.6% 
4 677 688 665 680 678 9.5 1.4% 
5 671 678 680 678 677 3.9 0.6% 
6 678 681 668 665 673 7.7 1.1% 
7 663 678 671 665 669 6.8 1.0% 
8 677 674 685 685 680 5.6 0.8% 
9 678 690 690 680 685 6.4 0.9% 
10 675 685 682 691 683 6.7 1.0% 
 
4.2 Iterations and Challenges in Kinetic Assay Design 
4.2.1 Kinetic Assay Design 
The initial design for the vial wall consisted of two metal hinges, each with two 3D-
printed vial cap holders and four L-brackets. The 3D-printed vial cap holders were attached to 
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the hinges so that the caps would hold the vials and the hinge would swing down to lock the 
vials in place with the L- brackets. However, this design was unsuccessful because the hinges 
were too bulky and the caps could not be secured onto the hinges properly (Figure D 1).  
The second design consisted of custom-fabricated PVC vial holders. These vial holders 
were attached directly to the PVC wall and a magnet was placed on top of the vial holder and 
the complementary magnet was attached to the top of the vial cap to suspended vials in front of 
the light panel. This design was unsuccessful because it was cumbersome to remove the vials 
quickly during experimentation (Figure D 2; Figure D 3). 
The third design consisted of a custom- made PVC vial lid. The vial lid was designed 
with cylindrical posts to hold each vial in an exact location to ensure that each vial received the 
same amount of light. Magnets were attached to the bottom of the cylindrical post and to the top 
of the vial cap to secure and suspend the vials in place. This design overcame previous 
challenges because users can remove the lid and vials with ease. The lid was attached to the 
PVC wall with a simple screw. However, this design was unsuccessful because the vials could 
not be aerated. This design may work in the future if further adaptations are made, for example 
a hole could be drilled in the magnets and cylindrical posts for aeration (Figure A 1; Figure A 2). 
The final design consists of the vials secured on the floor of the chamber with a sparging 
setup. The vials are secured on the chamber floor by magnets underneath the apparatus 
platform and vials attached to the bottom of the vials. The sparging set up included a manifold 
with tygon tubing connected to a piece of 1/16” stainless steel tubing (Figure 10). Holes were 
drilled into the vial caps for the stainless steel tubing to provide aeration in each vial (Figure 11). 
Despite the benefits of aeration, this design is flawed due to the vial positioning. The vials are 
now located on the chamber floor, instead of suspended in their exact designed locations where 
each vial receives the same exact light. Therefore, the ideal design would be a combination of 
the third design and final design where the vials are suspended in their exact locations, and a 
hole is drilled through the magnets and cylindrical posts for aeration. 
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Figure 10: Final Design - Aeration Tubing 
	  
Figure 11: Final Design - Vials with Aeration Tubing	  
4.2.2 Cultivation Conditions 
Several obstacles occurred while attempting to successfully grow algae in the vials. The 
four main issues were: light acclimation, dilution, pH, aeration, and oxygen toxicity. In the initial 
experiments, algae were pulled directly from a photobioreactor on a 12-hour light cycle and 
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place directly into vials at a 1:16 dilution (1 mL of algae, 15 mL of media). However, the algae 
did not acclimate properly from the 12-hour light cycle to constant direct light. Therefore, the 
algae needed to be transferred into an intermediate incubator to acclimate them. Another issue 
with these experiments was the dilution ratio; a 1:16 ratio was too dilute for growth to be 
observed in a reasonable timeframe (i.e., timescale of hours). A 1:2 dilution was more 
appropriate and was successful in future experiments.  
A major issue with the initial experiments was the pH. The first three designs were 
closed systems and therefore there was very limited gas exchange. Atmospheric carbon dioxide 
(CO2) produces a natural buffer through the following reactions: 𝐶𝑂! 𝑔 ⇌ 𝐶𝑂! + 𝐻!𝑂 ⇌ 𝐻!𝐶𝑂! ⇌ 𝐻! + 𝐻𝐶𝑂!! ⇌ 2𝐻! + 𝐶𝑂!!! 
The CO2 in solution is in equilibrium with atmospheric CO2 (g) (Mackenzie L. Davis, 2011). The 
carbonate system is the most important buffer and it is the best means available to control and 
maintain pH levels that are optimal for mass-cultivated species (Amos Richmond, 2008). During 
photosynthetic CO2 fixation in the absence of alternative (i.e., non-carbonate system) buffering 
capacity, the pH of the solution increases (Amos Richmond, 2008). In high algal density 
production systems where no additional CO2 has been supplied, pH levels as a high as 11 have 
been measured (Amos Richmond, 2008). Due to the lack of ambient CO2 (g) in the designed 
system, the microalgae uptake all of the initial CO2 present in solution and the headspace, 
depleting the inorganic carbon in the system while also raising the pH to 8 or higher. Therefore, 
an organic buffer was used to maintain a near neutral pH. Initially, two organic buffers were 
tested to see which was more effective at supporting algal growth: MOPS (pKa = 7.2) and 
HEPES (pKa = 7.5). In batch growth experiments, MOPS proved to be the more effective buffer 
at maintaining a near neutral pH and supporting algal growth. Thus, 0.25 M or 52.3 gŊL-1 media 
was included in all additional experiments. However, the eventual inclusion of pH-static control 
via direct CO2 sparging would still be a desirable feature in the kinetic assay, and would be 
consistent with cyclostat PBRs currently operated (e.g., the PBR used to inoculate batch 
	   27	  
experiments presented here). In the absence of pH control via CO2 sparging, continuous air 
sparging was included in the fourth and final design of the kinetic apparatus.  
 Another possible issue with this experimental set up that is suspected, but not proven, is 
oxygen toxicity. During carbon fixation in photoautotrophic growth, the net amount of oxygen 
produced per biomass produced is approximately 1.33 g-O2Ŋg-1 of biomass. Oxygen toxicity in 
microalgae cultures has been observed at levels above 10-15 mgŊL-1 O2. Therefore, in any 
culture with biomass exceeding 10 mgŊL-1, oxygen toxicity can occur. During initial experiments, 
the dissolved oxygen (DO) content of the microalgae sample was measured and found to be 8 
mgŊL-1. However, many aspects of the experimental set up have changed and many factors can 
alter the DO content during experimentation.  
4.3 Demonstration of Model Calibration 
4.3.1 Optical Density 
	   Optical density (OD735) was measured for all four vials in the chamber for six days. For 
each vial, optical density started at 0.413 and increased to an average of 1.232. After the first 24 
hours, the optical density increased in each vial by an average of 0.111 per day. Vial D did not 
grow at the same rate as the other three vials (Figure 12). This could be due to one or several 
issues described in the Section 4.2.2, such as the placement of the vial in the chamber, the pH 
of the culture in the vial, an issue with that vial’s aeration tube, oxygen toxicity, etc. Future 
efforts should target greater reproducibility and seek to identify sources of inconsistencies in 
growth across vials. 
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Figure 12: Optical Density (OD735) of Vials 
4.3.2 Nitrogen 
The average ammonia concentration was then plotted against time to demonstrate 
nitrogen uptake by algal cells over time (Figure 13). Maximum uptake (18.0 mgŊL-1-hr) was 
observed during the first four hours of the experiment. The duration of this experiment was five 
days, and during this time the microalgae took up a total of 51.5 mgŊL-1 of nitrogen, with a 
starting concentration of 59.2 mgŊL-1 N and final concentration of 7.73 mgŊL-1 N (Table 6).  
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Figure 13: Average Nitrogen Concentration Over Time	  
Table 6: Ammonia Concentration (mg-NŊL-1) 
Ammonia Concentration (mg-NŊL-1) 
Time (hr) 1 2 3 Average Std. Dev. 
0 59.6 58.9 59.1 59.2 0.31 
4 42.3 40.8 40.6 41.2 0.77 
8 38.2 38.8 39.1 38.7 0.37 
12 34.4 33.7 33.2 33.8 0.46 
16 31.2 31.4 30.2 30.9 0.53 
24 26.1 26.5 25.7 26.1 0.34 
48 15.3 14.9 16.8 15.6 0.82 
72 12.0 11.8 11.5 11.8 0.22 
96 9.29 8.85 9.92 9.35 0.44 
120 7.88 7.69 7.64 7.73 0.10 
 
The rate of nitrogen uptake (mgŊL-1Ŋhr-1) was calculated by dividing the change in average 
ammonia concentration over the change in time. The rate of nitrogen uptake was then plotted 
against time (Figure 14). The plot clearly demonstrates that maximum uptake occurred during 
the first four hours of the experiment.  
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Figure 14: Rate of Nitrogen Uptake over Time 
The maximum specific nitrogen uptake rate (mmol of (N)Ŋmol of (XCPO as C)-1Ŋh-1) was calculated 
using the rate of nitrogen uptake, VSS, and XCPO composition (CH1.8O0.5N0.2P.02) (Guest et al., 
2013).  The maximum specific nitrogen uptake rate was then plotted against time (Figure 15). 
The observed maximum specific nitrogen uptake rate was 11.3 mmol of (N)Ŋmol of (XCPO as C)-
1Ŋh-1, this value is slightly less than half of the maximum specific nitrogen uptake rate observed 
in by Guest et al. (25 mmol of (N)Ŋmol of (XCPO as C)-1Ŋh-1) (Guest et al., 2013). The difference in 
these values could be due to the cultivation conditions as well as the algal species used in 
experimentation. Guest et al. used flat-plate PBRs, while this experimentation was conducted 
using the kinetic apparatus. Furthermore, the kinetic apparatus’ flaws regarding pH, aeration, 
and oxygen toxicity could have also contributed to the lower maximum specific nitrogen uptake 
rate. Finally, VSS measurements of the vials were estimated using a VSS versus optical density 
plot, whereas Guest et al. directly measured VSS in PBRs. Future experiments should aim to 
correct these flaws to ensure the accuracy of the value of maximum specific nitrogen uptake 
rate. Future experiments should also sample more frequently (e.g., every 20 minutes during the 
first hour) to better capture the maximum rate of nitrogen uptake.	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Figure 15: Maximum Specific Nitrogen Uptake Rate over Time 
4.3.3 Phosphorous 
	   The average phosphorous concentration was then plotted against time to demonstrate 
phosphorous uptake into the algal cell over time (Figure 16). Maximum uptake (3.65 mgŊL-1 P) 
was observed during the first four hours of the experiment. The duration of this experiment was 
five days, and during this time the microalgae consumed a total of 6.91 mgŊL-1 of phosphorous, 
with a starting concentration of 6.96 mgŊL-1 P and final concentration of 0.05 mgŊL-1 P (Table 7).  
The increases in average phosphorous concentration at the 8 hour, 16 hour, and 72 hour time 
points likely stem from sampling or analytical error.	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Figure 16: Average Phosphorous Concentration over Time 
Table 7: Phosphorous Concentration (mg-PŊL-1) 
Phosphorous Concentration (mg-PŊL-1) 
Time (hr) 1 2 3 Average Std. Dev. 
0 6.76 6.55 7.58 6.96 0.44 
4 3.97 2.95 3.02 3.31 0.47 
8 5.19 5.13 4.31 4.88 0.40 
12 2.68 2.95 3.29 2.97 0.25 
16 3.63 3.83 3.02 3.49 0.35 
24 2.27 1.32 1.66 1.75 0.39 
48 0.30 0.50 1.32 0.70 0.44 
72 0.77 0.98 1.11 0.95 0.14 
96 -0.11 0.16 0.64 0.23 0.31 
120 0.30 0.16 -0.32 0.05 0.26 
 
The rate of phosphorous uptake (mgŊL-1Ŋhr-1) was calculated by dividing the change in average 
phosphorous concentration over the change in time. The rate of phosphorous uptake was then 
plotted against time (Figure 17). The plot clearly demonstrates that maximum uptake occurred 
during the first four hours of the experiment. The increases in the rate of phosphorous uptake at 
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the 8 hour, 16 hour, and 72 hour time points are possible errors in the analysis. During rapid 
growth it is unlikely there would be a net phosphorus release. 
	  
Figure 17: Rate of Phosphorous Uptake over Time	  
	  
The maximum specific phosphorous uptake rate (mmol of (P)Ŋmol of (XCPO as C)-1Ŋh-1) was 
calculated using the rate of phosphorous uptake, VSS, and XCPO composition (CH1.8O0.5N0.2P.02) 
(Guest et al., 2013).  The maximum specific phosphorous uptake rate was then plotted against 
time (Figure 18). The observed maximum specific phosphorous uptake rate was 1.04 mmol of 
(P)Ŋmol of (XCPO as C)-1Ŋh-1, this value is slightly larger than the maximum specific phosphorous 
uptake rate observed in by Guest et al. (0.73 mmol of (P)Ŋmol of (XCPO as C)-1Ŋh-1) (Guest et al., 
2013). The difference in these values could again be due to the cultivation conditions and 
species of algae used for experimentation. Similar challenges that affected the estimation of 
maximum specific nitrogen uptake rate also affected estimations of phosphorus uptake (e.g., 
VSS measurements were estimated using optical density). Future experiments should aim to 
correct these flaws to increase the accuracy of parameter estimation. Future experiments 
should also sample more frequently (e.g., every 20 minutes during the first hour) to better 
capture the maximum rate of phosphorus uptake. The increases in the specific rate of 
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phosphorous uptake at the 8 hour, 16 hour, and 72 hour time points are possible errors in the 
analysis. During rapid growth it is unlikely there would be a net phosphorus release. 
	  
Figure 18: Maximum Specific Phosphorous Uptake Rate over Time 
4.3.4 VSS Estimation 
	   In parallel with the microalgal experiments taking place in the incubated, the same 
culture was also growing in incubated flasks (Figure C 2). The algal sample in these flasks was 
used to create a VSS versus optical density plot for the estimation of VSS in the vials (Figure 
19). Two 50 mL samples were taken from a flask and centrifuged at 6,000 xg. Approximately 40 
mL of supernatant was removed from each sample and then the remaining biomass and 
supernatant were suspended through vortexing. The two samples were then combined and five 
dilutions were created at a 1:2 ratio (25 mL algae, 25 mL media). Optical density (OD735) and 
VSS measurements were taken for each dilution (Figure 19). There was a linear relationship 
between VSS and optical density.  
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Figure 19: Optical Density to VSS Calibration 
4.3.5 Solids 
VSS analyses could not be performed on samples from the vials due to their low volume; 
therefore, the VSS versus optical density plot from the flasks (Figure 19) was used to estimate 
the VSS of the vials. The equation for the trendline from Figure 19 and optical density readings 
of the vials was used to generate VSS plots for each vial (Figure 20, Figure 21, Figure 22, 
Figure 23). VSS increased over time in each vial, with an average maximum VSS of 1680 mgŊL-
1. As stated before, the growth in vial D was not consistent with the other three vials. Although 
VSS did increase over time in this vial, it was not as uniform as the other vials and there was a 
peak in VSS at 960 mgŊL-1, after which VSS decreased. 
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Figure 20: Vial A - VSS over Time 
	  
Figure 21: Vial B - VSS over Time 
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Figure 22: Vial C - VSS over Time 
 
	  
Figure 23: Vial D - VSS over Time
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CHAPTER 5: FUTURE WORK 
5.1 Intrinsic and Extant Kinetic Parameters 
5.1.1 Intrinsic Kinetic Parameters 
Grady defines intrinsic kinetic parameters as those with high So/Xo values (Grady Jr et 
al., 1996). So represents the initial substrate concentration, and Xo represents the initial biomass 
concentration (Grady Jr et al., 1996). High So/Xo values represent the maximum capability of the 
members of the microbial community with the fastest growing kinetics (Grady Jr et al., 1996). 
Magbanua defines intrinsic parameters as parameters obtained from kinetic tests that provide 
the biomass sample with sufficient substrate to achieve unrestricted growth (Magbanua et al., 
2003). An organism’s intrinsic parameters and its environmental conditions impact the substrate 
removal characteristics (Grady Jr et al., 1996). 
5.1.2 Photosynthesis-Irradiance Curves 
With respect to light, the more the better does not hold true for microalgae (Posten, 
2009). Most microalgal species are adapted to low light intensities. At a certain light intensity, 
the maximum specific growth is reached, and above this certain value of light intensity, a further 
increase in light level actually reduces the biomass growth rate (Chisti, 2007). This phenomenon 
is known as photoinhibition (Chisti, 2007). Eliminating photoinhibition can greatly increase the 
average daily growth rate of algal biomass (Chisti, 2007). Posten measured the growth kinetics 
for Porphyridium purpureum under specific growth rates from continuous cultivations with 
continuous light (Posten, 2009). In this study, after a linear increase of growth rate with 
increasing light intensity (Blackman kinetics) saturation was approached at 100 µE⋅m-2⋅s-1 
(Posten, 2009). While this growth parameter was measured for fully adapted continuous 
cultures (photoacclimated cultures), similar curves for Chlamydomonas have been described for 
short time experiments resulting in PI curves (Posten, 2009).	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5.1.3 Extant Kinetic Parameters 
Grady defines extant kinetic parameters as those with very low So/Xo values or when an 
inhibitor of protein synthesis is present (Grady Jr et al., 1996). Small So/Xo values represent the 
capability that the culture had when it was in the continuous culture reactor from which it was 
obtained (Grady Jr et al., 1996). Magbanua defines extant parameters as parameters obtained 
from kinetic tests where the biomass sample is prevented from synthesizing additional enzymes 
or other proteins, where the physiological state of the microorganism as they exist in the 
bioreactor is maintained (Magbanua et al., 2003). To avoid changes in the physiological state, a 
protein synthesis inhibitor is used to “freeze” the cells’ physiological state (Grady Jr et al., 1996). 
The inhibitor also shows how the substrate removal kinetics is influenced by the physiological 
state (Magbanua et al., 2003). Magbanua’s hypothesis was that because extant parameters 
more closely reflect the physiological state and growth history of the biomass, extant 
parameters would be better predictors of system performance than intrinsic parameters 
(Magbanua et al., 2003). 
5.2 Photosynthesis-Irradiance (PI) Curves 
Algae are a large group of eukaryotic organisms, most of which are pigmented and carry 
out oxygenic photosynthesis. In aquatic habitats, algae are the dominant photosynthetic life 
forms (Robert E. Blankenship, 2014). An understanding of photosynthesis is fundamental for 
microalgal biotechnology. Photosynthesis is the process of sunlight energy conversion in which 
inorganic compounds and light energy are converted to organic matter (Amos Richmond and 
Qiang Hu, 2013).  
Three aspects of algal photosynthesis that are critical to reactor design are light 
attenuation, light saturation, and photoinhibition. Light attenuation is the gradual loss in intensity 
through a medium (Posten, 2009). If the light intensity is below the saturation level and no other 
nutrients for growth are lacking, the growth will be limited by light (Lee et al., 2015). In the linear 
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growth phase, microalgae cell division slows down because light becomes limiting, so 
microalgae biomass accumulates at a constant rate until nutrients or inhibitors in culture 
medium become the limiting factors (Lee et al., 2015). For photoautotrophic microalgae under 
nutrient saturation conditions, light is a critical factor for photosynthetic activity related to energy 
metabolism, because insufficient light limits microalgae growth (Lee et al., 2015). The saturated 
light level is the required specific light level in order to reach the maximum growth rate (Lee et 
al., 2015). Photoinhibition occurs at a supra-optimal irradiance level (Amos Richmond, 2008) 
where the light intensity is far above the saturation level, causing biomass growth to be inhibited 
by light (Lee et al., 2015). With increasing light intensity, photosynthesis becomes less and less 
efficient (Amos Richmond, 2008). This results from reversible damage to the photosynthetic 
apparatus, as a consequence of excess light (Chisti, 2007). The elimination of photoinhibition 
can greatly increase the average daily growth of algal biomass (Chisti, 2007). Turbulence in 
dense algal cultures reduces photoinhibition and photolimitation by ensuring that algal cells do 
not reside continuously in either well-lit or dark zone for long periods of time (Chisti, 2007). 
Photosynthesis-Irradiance (PI) curves describes the relationship of photosynthetic rate as a 
function of light (Figure 24) (Johnson and Sheldon, 2007).  
	  
Figure 24: Photosynthesis-Irradiance Curve Reproduced From (Amos Richmond and Qiang Hu, 
2013) 
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PI curves are constructed using two basic methodological approaches: oxygen 
concentration or 14C radiolabelling. Measurements of oxygen concentration are taken over time 
to quantify the photosynthetic rate. The main disadvantage of this method is the significant 
hysteresis in generating the curve; prior measurements of light levels can significantly influence 
the observed photosynthetic rates. Furthermore, the oxygen evolution technique is not sensitive 
enough to measure PI curves in most low biomass, low productivity environments (Johnson and 
Sheldon, 2007). 14C radiolabelling is used to study photosynthetic carbon metabolism, and also 
provides a measure of the photosynthetic assimilation rate. This method expose algae to 14C for 
a fixed period of time, then the reaction is stopped by the addition of HCl, and the amount of 14C 
incorporated is determined by liquid scintillation counting (LSC) (Amos Richmond and Qiang 
Hu, 2013). LSC provides the correction of the number of counts per minute (CPM) recorded to 
absolute activity (DPM), because chemical and physical quenching effects often reduce 
counting efficiency (Johan A. Hellebust and James S. Craigie, 2011). . 
5.2.1 PI Curve Method 
PI curves may be generated using a liquid scintillation counter. After being inoculated 
with algae from the flat panel reactors, 10 µL of .37 MBq (0.01 mCi) 14NaHCO3- can be added to 
each scintillation vial. After being incubated for varying periods of time, the reactions may be 
terminated with 6.2 µL formaldehyde and acidified with 0.1 mL of 0.1 N HCl. Samples would 
then be filtered through 25 mm Whatham GF/F filters with 200 mm Hg vacuum. The filters 
should be vacuumed dry and placed flat in the bottom of each scintillation vial, then 10 mL of 
Ecolume should be added to each vial. Samples would then be counted for total activity on the 
liquid scintillation counter (Johnson and Sheldon, 2007) (Barber et al., 1996) . 
5.3 Protein Synthesis Inhibition (PSI) 
Although chloramphenicol is commonly used to inhibit protein synthesis in bacterial 
ribosomes, chloramphenicol does not affect cytosolic protein synthesis in eukaryotes (David L. 
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Nelson et al., 2008). Cycloheximide (CHX) can be successfully used to inhibit protein synthesis 
in Chlamydomonas. Cycloheximide at concentrations of 1 µgŊmL-1 or more rapidly and 
completely inhibit amino acid incorporation in the TCA-insoluble protein of whole cells 
(Rosenbaum et al., 1969). Rosenbaum et al. conducted an experiment to study the protein 
synthesis requirements for flagella formation, and successfully used cycloheximide as an 
inhibitor of protein synthesis.  
	  
Figure 25: Inhibition of Protein Synthesis over Time with Cycloheximide Reproduced From 
(Rosenbaum et al., 1969) 
Numerous researchers have studied how to properly treat filters with TCA. Initially, only 
hot TCA was used for filter treatment. Kirchman used only hot TCA treatment and his results 
demonstrated that the incorporation rate of [3H] leucine into a hot TCA insoluble could serve as 
an index of protein synthesis by bacteria (Kirchman et al., 1985). Chin-Leo and Wicks expanded 
on Kirchman’s work to compare the effectiveness of hot and cold TCA treatment. Chin-Leo 
found that the amount of [3H] leucine incorporated into cold TCA insoluble material was in close 
agreement with that incorporated into hot TCA insoluble material (Chin-Leo and Kirchman, 
1988).	   Wick’s research found that the label content of ethanol-washed TCA precipitates, 
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resulting from both hot and cold TCA treatments was similar. He also found that the percentage 
loss in label content of TCA precipitates washed with ethanol was not significantly different after 
cold than after hot TCA treatment (Wicks and Robarts, 1988). 
5.3.1 Protein Synthesis Inhibition Method 
Algal cultures should be growth to a cell density of 1-4 X 106 cellsŊmL-1. At this cell 
density, 2.5 µcŊmL-1 of Arginine 14C should be added to the incubating culture. After 50 minutes, 
varying amounts of cycloheximide can be added. 50 µL samples should be withdrawn and 
placed on Whatman 3MM 2.3 cm filter discs then dropped immediately into cold 10% TCA. The 
filters should then be treated and dried then placed into the vials for scintillation counting 
(Rosenbaum et al., 1969; Schneider-Poetsch et al., 2010). 
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CHAPTER 6: CONCLUSIONS 
Algal bioprocesses for wastewater treatment could significantly advance nutrient 
recovery from wastewater by achieving effluent nitrogen and phosphorous levels below the 
current limit of technology (LOT), helping to decrease the severe problem of eutrophication, 
while simultaneously yielding bioenergy feedstocks. In order to develop these treatment 
processes and technologies, however, it is critical that we establish robust, mechanistic kinetic 
models of phototrophic bioprocesses to predict performance under varying environmental 
conditions. To develop these kinetic models we first need a reliable way to measure algal kinetic 
parameters. Measuring kinetic parameters will not only help to develop these kinetic models, but 
it will also provide an understanding of microalgal growth so that cultivation conditions can be 
optimized. Currently, there is not a way to estimate kinetic parameter with highly controlled and 
reproducible conditions that guarantee reliable results. Filling this critical gap would advance the 
mechanistic models used today and thereby advance current and future algal treatment 
processes. Therefore, the goal of this research was to develop a way to evaluate kinetic 
parameters by designing a new apparatus to measure kinetic parameters while scaling down 
the experimental footprint and increasing the number of replicates. 
	   The new apparatus was designed as part of this thesis has the ability to reliably and 
reproducibly measure kinetic parameters. The research for this thesis included creating and 
optimizing the design for this apparatus, constructing the apparatus from raw materials, and 
testing the apparatus experimentally to ensure its reliability and reproducibility. The apparatus is 
equipped with light intensity control across ten chambers for biological growth with highly 
controlled and reproducible conditions. This design ensures that each replicate within the 
chamber receives exactly the same light intensity, guaranteeing reproducible and reliable 
conditions. Tools such as Autodesk Inventor Professional, a Fused Deposition Modeling (FDM) 
3D printer, and mathematical modeling of photometric data were used in the designing process. 
The apparatus itself is comprised of a New BrunswickTM Innova® 42R Shaker incubator (New 
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BrunswickTM of Eppendorf AG, Germany) (Figure 1), an Arduino Mega board, a custom circuit 
board (Figure 8), a custom 3D printed platform (Figure 2), LED Tape light, PVC, mirror, 
magnets, and scintillation vials. It was experimentally proven that this apparatus can measure 
the maximum specific uptake rate, maximum specific phosphate uptake rate, and maximum 
growth rate (Table 1). This apparatus was also designed to be able to generate photosynthesis-
irradiance curves (Figure 24) and inhibit protein synthesis with cycloheximide (Figure 25) using 
C-14 methods and a liquid scintillation counter.  
 The light intensity of each vial was calculated using photometric equations and validated 
using an Apogee quantum sensor. After the construction of the apparatus, the apparatus was 
further validated using four analytical methods: optical density, phenate, ascorbic acid, and 
solids.  The optical density analysis showed that microalgal cultures grown in this apparatus 
could reach up to 1.232 or higher (Figure 12). The phenate and ascorbic acid analyses 
demonstrated that microalgal cultures grown in this apparatus have a nitrogen to phosphorous 
uptake ratio of approximately 7.44. Although VSS could not be computed directly from this 
apparatus, a separate set up growing the same algal culture was used to create a VSS versus 
optical density plot which was subsequently was used to estimate VSS for this apparatus 
(Figure 19). These results indicate that algal cultures grown in this apparatus could obtain a 
maximum VSS of approximately 1680 mgŊL-1 or higher. All of these results from the analytical 
methods performed prove that this apparatus can measure the maximum specific uptake rate, 
maximum specific phosphate uptake rate, and maximum growth rate.  
 Although this apparatus provides a reliable way to measure algal kinetics, it does have 
limitations and room for improvement. One limitation is that, although this apparatus can 
measure some kinetic parameters, it cannot measure all of them. This apparatus cannot 
measure growth on stored carbohydrates or growth on stored lipids (Table 8).  
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Table 8: Infeasible Kinetic Parameters and Equations 
Process [units] Rate Expression 
Growth on Stored Carbohydrates 
[mol of (XCPO as C)⋅L-1⋅h-1] 
𝜇 ⋅ 𝑚𝑖𝑛 1 − 𝑄!,!"#𝑄! ! , 1 − 𝑄!,!"#𝑄! ! ⋅ max  [𝑓! , 𝜂!"#$]
⋅ 𝜌𝑓!"𝐾!"# 1 − 𝑓! + 𝜌𝑓!" + 𝑓!" ⋅ 𝑌!"!"𝑌!"!" ⋅ 𝑋!"# 
Growth on Stored Lipids 
[mol of (XCPO as C)⋅L-1⋅h-1] 
𝜇 ⋅ 𝑚𝑖𝑛 1 − 𝑄!,!"#𝑄! ! , 1 − 𝑄!,!"#𝑄! ! ⋅ max  [𝑓! , 𝜂!"#$]
⋅ 𝑓!" ⋅ 𝑌!"!"𝑌!"!"𝐾!"# 1 − 𝑓! + 𝜌𝑓!" + 𝑓!" ⋅ 𝑌!"!"𝑌!"!" ⋅ 𝑋!"# 
 
This is primarily due to the size of the scintillation vial. Each scintillation vial is 20 mL, therefore 
each experimental sample is 18 mL or less. These small volumes limits the analytical methods 
that can be used, such as solids, carbohydrate, protein, and lipids analyses. One option is to 
use separate setups to estimate the vial parameters, such as the optical density versus VSS 
plot used in this thesis. Another solution is to adapt the apparatus for vials larger than the 20 mL 
scintillation vials, although this eliminates to benefits for future analyses involving the liquid 
scintillation counter. Other adaptations to the apparatus design may also resolve this issue.  
 Another important improvement to this apparatus is the vial positioning and aeration set 
up. As previously discussed in the iterations section of this thesis, the ideal design would be a 
combination of the third design and final design where the vials are suspended in their exact 
location, and a hole is drilled through the magnets and cylindrical posts for aeration. Further 
improvements to the aeration set up include updating the tubing so that the vials do not get over 
hydrated and also updating the tubing to ensure that each vial gets the same exact amount of 
aeration. Another possible upgrade would be drilling two holes instead of one so that there is 
one hole for the aeration tubing and another for a sample port. Perfecting the aeration set up 
would also resolve the pH and oxygen toxicity issues.  
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 Although the experimentation completed for this thesis did not include the validation of 
the photosynthesis-irradiance curves and protein synthesis inhibition methods for this 
apparatus, large amounts of literature review and research were conducted to ensure that this 
apparatus was designed to run these experiments and to develop these methods adapted for 
this apparatus. Using the background information and methods developed for this thesis, future 
researchers should be able to conduct both experiments in this apparatus. The photosynthesis-
irradiance curves generated in the apparatus can then be used to characterize intrinsic kinetic 
parameters used in model calibration, and the protein synthesis inhibition data can be used to 
characterize extant kinetic parameters used in model validation.  
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APPENDIX A – Apparatus Design  
	  
Table A 1: Kinetic Apparatus Measurements 
Kinetic Apparatus Measurements 
Part Measurement Value 
Custom Platform 
Height 18 in 
Width 6.6 mm 
Length 18 in 
PVC Walls 
(Light & Vial) 
Height 140.5 mm 
Width 6.3 mm 
Length 200 mm 
LEDs Length 200 mm # of rows 8 
Spacing between each LED Length 8.5 mm 
Mirrors 
Height 140.5 mm 
Width 3.175 mm 
Length 75.9 mm 
Vial Lid 
Height 2.3 in 
Width 6.3 mm 
Length 6.81 in 
Cylindrical Posts Length 1 in Diameter .79 in 
Vials Height 61 mm Diameter 27 mm 
Chamber floor to vial bottom Height 41.2 mm 
Spacing between vial and LEDs Length 25.4 mm 
Spacing between each vial Length 14.6 mm 
Spacing between vial and mirror Length 7.3 mm 
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Figure A 1: Vial Lid 
	  
Figure A 2: Chamber with Vial Lid 
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APPENDIX B – Chamber Lighting 
 
Table B 1: Blaze 12V LED Tape Light Specifications 
Specification Value 
Input Voltage 12VDC Constant Voltage 
Power Consumption/ft 2.88W/242mA 
LED Chip Beam Angle 120°C 
Dimmable Yes 
Operating Temp -4-176°F -20-80°C 
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Figure B 1:LED Tape Light Diagram 
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Figure B 2: Polar Candela Distribution Graph 
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Figure B 3: Light Intensity Plots 
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Figure B 4: Vial 1- Light Intensity at Sample Points 
	  
Figure B 5: Vial 2- Light Intensity at Sample Points 
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Figure B 6: Vial 3- Light Intensity at Sample Points 
  
	  
Figure B 7: Vial 4- Light Intensity at Sample Points 
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APPENDIX C – Cultivation Conditions  
	  
	  
Figure C 1: Arduino and Custom Circuit Board 
	  
Figure C 2: Incubated Flasks 
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APPENDIX D – Design Iterations  
	  
	  
Figure D 1: 1st Design Iteration: Hinges 
	  
Figure D 2: 2nd Design Iteration: Vial Holders 
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Figure D 3: 2nd Design Iteration: Chamber with Vial Holders 
	  
